Groundwater is increasingly being used for public and private water supplies in Scotland, but 15 there is growing evidence that manganese (Mn) concentrations in many groundwater supplies 16 exceed the national drinking water limit of 0.05 mg l 
) by 9% ; concentrations were highest in the 24
Carboniferous sedimentary aquifer in central Scotland, the Devonian sedimentary aquifer of 25
Morayshire, and superficial aquifers. Further analysis using 137 samples from the Devonian 26 aquifers indicated strong redox and pH controls (pH, Eh and dissolved oxygen accounted for 27 58% of variance in Mn concentrations). In addition, an independent relationship between Fe 28
and Mn was observed, suggesting that Fe behaviour in groundwater may affect Mn solubility. 29
Given the redox status and pH of Scottish groundwaters the most likely explanation is 30 sorption of Mn to Fe oxides, which are released into solution when Fe is reduced. 31
Since the occurrence of elevated Mn concentrations is widespread in groundwaters from all 32 aquifer types, consideration should be given to monitoring Mn more widely in both public 33 and private groundwater supplies in Scotland and by implication elsewhere. 34 35
Keywords: groundwater, iron, manganese, redox, Scotland, water supplies 36 and products such as paper or plastics, and reduced water pressure and flow in pipes from 51 accumulation of Mn oxides (Sly et al., 1990) . Although Mn can be removed from water by 52 treatment (Casale et al., 2002) , this is expensive and water supply infrastructure prior to 53 treatment, such as pipes, pumps and boreholes, may still be adversely affected by build up of 54
Mn oxides (Sly et al., 1990 (Nealson, 1983) . 99
The impact of microbiological activity on Mn behaviour in water is frequently evident in the 100 accumulation of oxidised Mn in biofilms on surfaces such as pipes (Sly et al., 1990 ). The 101 factors described above frequently interact to determine Mn concentrations in groundwater. 102
For example, Bourg and Bertin (1994) and Gounot (1994) in order to normalise the data distributions. P values were used to test significance at 95% 160 probability. 161 (Table 2) showed broadly similar 228 relationships as for the total dataset. The same physicochemical parameters (pH, Eh and DO) 229
were significantly related to Mn concentrations but for the Devonian samples there was no 230 observable independent relationship with Fe. These three parameters alone explained 58% of 231 the variance (compared with only 42% of the variance for the total dataset explained by pH, 232
Eh, DO and an additional 6 parameters (Table 1) ). Eh was the strongest independent 233 predictor (see Table 2 and Figure 5 ) followed by pH and DO. Iron concentrations in the 234
Devonian groundwater samples were again significantly related to Eh and DOC as in the 235 complete dataset but there was no significant relationship of Fe with Mn or SEC (Table 2) . 236 groundwater. An additional complication is that Fe 2+ is more likely to adsorb or form 300 complexes with DOC than Mn, resulting in higher Fe 2+ concentrations occurring than 301 expected at a particular Eh (Hem, 1972) . 302 for commercial or public activity) or Type B supplies (all others) (Astron, 2006) . Chemical 310 parameters are tested for in both types of supply, but Type A supplies are subject to more 311 The relation between Mn concentrations, Eh and pH for groundwater samples 469 from the Devonian sedimentary aquifer. Eh exhibits the largest control. 470
Figure 6
Data plotted on a predominance diagram for Mn speciation (Hem 1985, 471 PhreeqC) 472 
